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Abstract
Numerous applications within the mid- and long-wavelength infrared are
driving the search for efficient and cost effective detection technologies in
this regime. Theoretical calculations have predicted high performance for
InAs/GaSb type-II superlattice structures, which rely on mature growth of
III-V semiconductors and offer many levels of freedom in design due to band
structure engineering. This work focuses on the fabrication and characteri-
zation of type-II superlattice infrared detectors.
Standard UV-based photolithography was used combined with chemical
wet or dry etching techniques in order to fabricate antinomy-based type-
II superlattice infrared detectors. Subsequently, Fourier transform infrared
spectroscopy and radiometric techniques were applied for optical characteri-
zation in order to obtain a detector’s spectrum and response, as well as the
overall detectivity in combination with electrical characterization. Temper-
ature dependent electrical characterization was used to extract information
about the limiting dark current processes.
This work resulted in the first demonstration of an InAs/GaSb type-II
superlattice infrared photodetector grown by metalorganic chemical vapor
deposition. A peak detectivity of 1.6×109 Jones at 78 K was achieved for
this device with a 11 µm zero cutoff wavelength. Furthermore the interband
tunneling detector designed for the mid-wavelength infrared regime was stud-
ied. Similar results to those previously published were obtained.
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Chapter 1
Introduction
1.1 Infrared Detection
Infrared1 (IR) radiation denotes the part of the electromagnetic spectrum
which is located between the visible light and microwaves, and therefore cov-
ers the wavelengths between 750 nm and 1000 µm (see Figure 1.1).2 The
IR spectrum3 is commonly subdivided into the near-IR (NIR), which ranges
from 750 nm to 1.4 µm, the short-wavelength IR (SWIR), from 1.4 to 3 µm,
mid-wavelength IR (MWIR), from 3 to 8 µm, long-wavelength IR (LWIR),
from 8 to 15 µm, and finally the far IR (FIR), from 14 to 1000 µm. IR
frequencies host numerous, important applications and are accessible by dif-
ferent technologies. This work focuses on detector technologies for the MWIR
and LWIR regime.
The most important applications in the MWIR and LWIR regime are IR
sensing and spectroscopy. Every object emits electromagnetic radiation pro-
portional to its temperature. For perfect black bodies the intensity spectrum
of the radiation is given by Planck’s law as shown in Equation (1.1):
I(λ, T ) =
2hc2
λ5
1
e
hc
λkBT − 1
, (1.1)
where h is the Planck constant, c the speed of light, λ the wavelength, kB
the Boltzmann constant and T the temperature. For objects around room
temperature (RT) the majority of the radiation is emitted in the MWIR and
LWIR regime, e.g. a body at 300 K emits with a peak wavelength of 9.66 µm.
1Infra, Latin: below, under.
2Recently the lower frequency part of the IR spectrum (1-10 THz) is often referred to
as THz-radiation and not considered a part of the IR spectrum any more.
3There are different definitions for the subdivision of the IR spectrum. The definition
given here is used in this work.
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Figure 1.1: The electromagnetic spectrum. Based on Ref. [1].
Therefore these regimes are very interesting for night vision applications.
Furthermore, most molecules show distinct absorption features in the IR
due to vibration energies of their bonds. Hence, the IR is often referred to
as the molecular fingerprint regime. IR spectroscopy is a powerful tool for
quantitative composition analysis and can detect traces of gases up to the
parts per billion limit.
There are two atmospheric absorption windows in the MWIR and LWIR.
As shown in upper part of Figure 1.2 the atmosphere absorbs only weakly
between 3 to 5 µm and 8 to 12 µm. With the advent of efficient, coherent
IR sources in the form of quantum cascade lasers, wireless point-to-point
communication in the atmospheric windows becomes a viable option for the
future.
Mercury cadmium telluride (MCT) is the current state-of-the-art technol-
ogy for IR detection in the MWIR and LWIR. Its bandgap is composition
dependent and tunable over a wide range. However, there are several chal-
lenges accompanied with this material system. In the LWIR the bandgap is a
strong function of material composition and slight changes in the CdTe con-
centration result in a huge change in the detector’s cutoff wavelength. The
control of composition is crucial but very difficult to achieve. Furthermore,
high quality MCT needs expensive CdZnTe substrates for growth, which
are fabricated only with small diameter and supplied by few companies [3].
This and uniformity issues in growth are the major barriers for large size
focal plane array (FPA) fabrication based on MCT technology and drive the
search for alternative materials for IR detection.
Quantum well IR photodetectors (QWIP), which use quantum wells (QW)
as the absorptive region, are an alternative technology mostly used for FPAs
2
Figure 1.2: Atmospheric absorption in the IR regime and molecule
absorption spectra of major responsible components. There are two
windows allowing high transmissions in the MWIR and LWIR. Based on
Ref. [2].
in the MWIR and LWIR. QWIPs are based on mature III-V material growth
which allows growth on large substrates with superior uniformity. However,
QWIPs are not sensitive to normal incident radiation due to the selection
rules for QWs.4 Therefore, gratings are often utilized to provide angled
incidence for QWIPs. This increases the fabrication complexity. The insen-
sitivity to normal incident radiation as well as the small absorptive region5
result in a low quantum efficiency (QE), which is often <10%, while MCT
based detectors normally exhibit >70% [3].
Type-II superlattice (T2SL) materials were proposed for IR detection in
1987 by Smith and Mailhiot [4] and have made remarkable progress since.
The T2SL is described in greater detail in the following section.
4The intersubband transition which is utilized in QWIPs to absorb a photon and gen-
erate the photoelectron is not sensitive to the transverse-electrical (TE) polarization but
to the transverse-magnetical (TM) polarized radiation only.
5Only the thin QW region is able to generate photoelectrons. The transport region,
which separates the QWs does not contribute to the quantum efficiency.
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Figure 1.3: The conduction band for a single QW, two coupled QWs and a
SL is shown. The coupling of two or more QWs leads to splitting of the
discrete energy levels and finally results in the formation of minibands and
minigaps, if multiple QWs are brought in close proximity and form a SL.
1.2 Type-II Superlattice
Analogous to a semiconductor crystal, where the coupling of electron wave-
functions leads to the formation of the band structure, with energy bands
allowed to be occupied by electrons separated by forbidden regions (band
gaps), the electron wavefunctions of the discrete energy levels of QWs in
close proximity6 can couple to form minibands and minigaps (see Fig. 1.3).
This structure composed of thin, alternating semiconductor layers is also
known as a superlattice (SL) and was first proposed by Tsu and Esaki in
1970 [5]. The effective band gap between the first miniband in the valence
and conduction band is determined by the layer thickness, as well as the
band gap relation of the semiconductor materials used.
The type-II broken gap band alignment7 between InAs and GaSb allows to
tune the effective band gap over a wide range to allow cutoff wavelength from
3 to 30 µm8 and therefore is a viable choice for IR detection. Furthermore, the
InAs/GaSb T2SL shows about a three times higher effective electron mass
than MCT, which results in the reduction of performance limiting tunneling
currents. The performance can further be increased by insertion of indium
into the GaSb layer; this allows the reduction of Auger recombination due
to the stress induced separation of the heavy and the light-hole band [6].
6The separation has to be smaller than the electron mean free path in order to allow
coupling (usually <100 A˚).
7I.e. no overlap of the two band gaps; also known as type-III.
8The band gap energy can be tuned to virtually zero, but the performance of those
materials is inferior due to the small absorption coefficient caused by the weak overlap of
electron and hole wavefunctions. Thirty micrometer is the practical limit of the technology.
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Figure 1.4: Flatband band diagram for the InAs/GaSb T2SL. The type-II
broken gap alignment shows no overlap between the band gaps of the two
materials. The resulting minibands are sketched. The electrons are more
likely found in the InAs, while the holes are confined to the GaSb. This
results in a spatially indirect transition for the generation of an
electron-hole pair. Based on Ref. [8].
This band structure engineering offers an additional degree of freedom for
the T2SL system. Even though electrons and holes are separated from each
other in different material layers and a spatially indirect transition from the
valence band of the GaSb to the conduction band of the InAs has to take
place for the generation of an electron-hole pair (see Figure 1.4), InAs/GaSb
T2SLs show absorption coefficients comparable to those of MCT materials
designed for the same cutoff wavelength [7].
Those characteristics and the mature III-V materials growth techniques,
combined with the availability of larger and cheaper substrates than for MCT,
make the InAs/GaSb T2SL an ideal candidate for IR detection. Since the
1990s, antimony-based photodetectors have been experimentally researched
and vast improvement has been accomplished with T2SL, closing in on the
performances reached by state-of-the-art MCT detectors.
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1.3 State of the Art
1.3.1 Conventional Type-II Superlattice Detectors
Despite the tremendous progress in T2SL technology achieved in recent years,
T2SL detectors have not yet met their proposed performance as T2SL IR
detectors are still limited by defects and interface related traps and com-
mercially available T2SL based IR detectors are sparse. Due to advances
in strain balanced, high-quality material growth, the thickness of the T2SL
could be increased considerably, resulting in the demonstration of an ex-
ternal QE of over 50% for a 6 µm thick active region [9]. Extrapolation
showed a maximal possible QE of 78% if an antireflective coating were to
be applied. This is comparable to state-of-the-art MCT detectors with an-
tireflective coating. With the application of sidewall passivation techniques
using SiNx [10], SiO2 [11], overgrowth [12] or ammonium sulfide passivation
[13, 14], T2SL structures often showed a tremendous increase of their R0A
product at low temperatures. In 1999 Bu¨rkle et al. demonstrated a T2SL IR
detector with a cutoff wavelength of λc=8.7 µm which showed a R0A prod-
uct of 1.5×103 Ωcm2 at 78 K using SiNx passivation. This performance was
only one order of magnitude lower than that of MCT diodes of same cutoff
wavelength.
Recent efforts concentrate on exploiting the design flexibility that the III-V
material system offers in combination with the SL structure in order to in-
crease the performance further. Some of those novel structures are described
in the following section.
1.3.2 Novel Structures
The 6.1 A˚ material family provides enormous flexibility in engineering SL
structures with distinct features. With the use of AlSb in the SL, an addi-
tional level of freedom in band structure engineering can be achieved, since
the material pair combinations of InAs, GaSb and AlSb, and their alloys offer
type-I nested, type-II staggered and type-II broken band gap band offsets.
With the use of novel structures T2SL IR detectors have reached R0A
values comparable to MCT technology. Figure 1.5 shows a comparison of
the R0A products of T2SL structures fabricated at the Naval Research Lab-
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Figure 1.5: Comparison of the effective differential resistance area product
for T2SL detectors fabricated at NRL and the Rule 07 heuristic for MCT
detectors. After Ref. [3].
oratory (NRL) to the Rule 07 heuristic, which predicts the R0A of MCT
detectors at 78 K very well [3]. The graded-gap W-structure SL (GGW) and
hybrid SL (HSL) photodiodes, the results of which are presented in the graph,
are examples of those novel structures and are explained in the following.
W- and M-structure
Various promising structures have been realized using AlSb so far, rely-
ing on different approaches to improve the overall performance. The W-
structure [15], which divides the InAs-layer of the T2SL by incorporating
a thin AlSb-layer, has the advantage of an increased optical matrix ele-
ment caused by the larger overlap of electron and hole wavefunctions within
the hole well, since the barrier introduced by AlSb is pushing the electrons
closer to the GaSb-region. This strong confinement introduces a nearly two-
dimensional density of states, which results in a much sharper absorption
edge. The M-structure [16], which inserts the AlSb-layer into the GaSb
layer, increases the effective electron mass and therefore reduces the tunnel-
ing currents.
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Barrier Infrared Detectors
Barrier IR detectors (BIRD) utilize dark current suppressing “unipolar” bar-
rier structures, e.g. a hole barrier consisting of a thin SL of InAs/AlSb layers.
Besides the reduction of dark current by blocking the majority carriers, they
can be designed to exhibit the voltage drop primarily at the barrier region.
This reduces tunneling currents considerably, since these have an exponential
dependence on the applied field strength, as is described in Equation 2.9.
With 14,000 Ωcm2 at 78 K, a complementary BIRD (CBIRD) shows the
highest differential resistance at zero bias (R0A) reported so far for a T2SL
detector with a 10 µm cutoff wavelength [17]. The CBIRD consists of a T2SL
sandwiched between a top InAs/AlSb hole-barrier and a bottom InAs/GaSb
electron-barrier, at which most of the voltage drops with a top-positive ap-
plied bias.
Graded-Gap and Hybrid SL Detectors
Graded-gap structures [18], which consist of several SL-regions designed for
different wavelengths, can be designed to mitigate dark current in a simi-
lar fashion. If the bias is concentrated in the region designed for shorter
wavelength, the tunneling current is reduced. The tunneling increasing field
strength is located in an area that intrinsically shows lower tunneling currents
due to the higher band gap energy. Furthermore the graded-gap structure is
interesting due to its potential to be designed for self-passivation. The small
band gap region is very sensitive to Fermi-level pinning by surface defects,
which results in large surface leakage currents. If this region is sandwiched
between regions with higher band gaps, which are far less sensitive to Fermi-
level pinning, the surface channel can be interrupted and leakage currents
therefore mitigated.
Hybrid SL detectors combine a graded-gap W-structre SL with an absorber
region composed of a conventional SL. Since the maximal thickness of W-
structure SL is limited, this design offers a reduced dark current due to the
graded-gap part, as well as a high responsivity achieved by a thick absorber
region.
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Figure 1.6: Schematic of the ICDs carrier transport process. The
electron-hole pair is generated in the type-II QW and the electron is
transferred into the transport region by a resonant process. It relaxes into
the valence band of the next stage by resonant phonon scattering and a
final tunneling process. In the valance band the electron can recombine
with a hole. After Ref. [19].
Interband Cascade Detectors
The interband cascade detector (ICD), developed at the University of Illinois
at Urbana-Champaign (UIUC) in collaboration with the Jet Propulsion Lab-
oratory (JPL), uses the interband transition of a type-II InAs/GaInSb QW
as active region [19, 20]. ICDs are capable of photovoltaic operation where
the extraction of electrons occurs by the means of relaxation in quantum
energy ladders, rather than the built-in voltage of a pn-junction device. The
ICDs were fabricated at JPL using a structure designed as a type-II interband
cascade laser (ICL). As shown in Figure 1.6 the electron of the electron-hole
pair generated in the QW by absorption of a photon relaxes down a quantum
ladder after which it returns to the valence band by tunneling injection. The
process repeats in the next stage. This extraction scheme is very efficient,
since it relies on resonant intersubband relaxation, which lifetimes are orders
of magnitude shorter than interband and Auger recombination processes.
ICDs combine the advantages of the interband optical transition, which
is sensitive to normal incident radiation, with the excellent carrier transport
properties of the ICL structures and show very promising room temperature
performance. With a R0A of >10 Ωcm2 at 300 K, which is almost three
orders of magnitude higher than that of commercially available PbSe n+-p
photodiodes operating at room temperature, the unoptimized ICDs show
very low noise. Due to a short absorptive region and the fact that multiple
photons are needed for a complete cycle of one effective electron-hole pair,
9
the responsivity (20-40 mA/W) is relatively low, leading to an overall de-
tectivity of 0.7-1.4×109 Jones. This is a very encouraging result for room
temperature operating detectors, however.
The next generation of InAs/GaSb based T2SL IR detectors is likely
to consist of a combination of the aforementioned novel structures, which
show superior performance and more design flexibility than conventional pin-
structures.
1.4 Thesis Overview
This work focuses on fabrication and characterization of T2SL IR detectors
to improve the understanding of their underlying physics.
Chapter 1 covers the basics of IR radiation and detection, introduces the
T2SL structure, and discusses their state of the art results as well as recent
developments in the design of novel structures to further increase detector
performance.
Chapter 2 introduces several figures of merit important for characterization
and comparison of IR detectors, and briefly discusses the most important,
underlying dark current mechanisms for T2SL structures, which are perfor-
mance limiting and therefore a focus of ongoing research in order to extract
information about possible improvement of T2SL design and growth.
The fabrication steps performed during the course of this work are de-
scribed in Chapter 3. Additionally, the electrical and optical characteriza-
tion techniques used to obtain the figures of merit introduced in the preceding
chapter are discussed.
Chapter 4 presents the results obtained for the first T2SL InAs/GaSb IR
detector grown by metalorganic vapor deposition (MOCVD). For a detec-
tor with a zero percent cutoff wavelength close to 11 µm, an overall peak
detectivity of 1.6×109 Jones at 78 K was achieved.
The working principle of the interband tunneling detector [21], a novel
detector designed at UIUC, using a T2SL as active region and a quantum
ladder for the extraction of photoexcited carriers, is described in Chapter 5,
as well as various results of electrical and optical characterization.
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Chapter 6 summarizes the key achievements of this work, and suggests
future work to be performed in order to improve the knowledge and perfor-
mance of the discussed structures.
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Chapter 2
Figures of Merit and Dark Current
Mechanisms
2.1 Figures of Merit
In order to characterize the performance of photodetectors and allow the
comparison of different detectors, several figures of merit have been estab-
lished [22, 23, 24]. The most common figures of merit are described in the
following.
2.1.1 Responsivity
The spectral responsivity is a measure of the detector’s sensitivity to radia-
tion and is defined as the detector’s output signal to monochromatic, radiant
input. In the case of a photovoltaic detector the spectral responsivity is usu-
ally given as the ratio of the root-mean-square (rms) value of the generated
photocurrent ip and the rms value of the spectral radiant incident power
Φe(λ) as given in Equation (2.1) below:
Rλ =
ip
Φe(λ)
. (2.1)
In this case the responsivity has units of amperes per watt.
2.1.2 Quantum Efficiency
The external quantum efficiency (QE) of a detector is defined as the number
of electron-hole pairs generated per incident photon. It includes any losses
of photons, e.g. due to surface reflection, as well as of electrons, e.g. due to
early recombination. The external QE ηe is related to the responsivity by
ηe = Rλ
hc
eλ
, (2.2)
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where h is the Planck constant, c the speed of light, e the elementary charge
and λ the wavelength.
2.1.3 R0A product
The differential resistance at zero bias, also known as R0A product or dy-
namic resistance, is a common figure of merit to quantify the noise behavior
of photovoltaic detectors. The R0A product is given by
1
R0A
=
dJ
dV
∣∣∣∣
V=0
=
1
A
dI
dV
∣∣∣∣
V=0
=
eI0
kBT
, (2.3)
where J is the current density, V the applied bias voltage, A the photodiode
area, I the current, I0 the reverse current of the ideal photodiode, kB the
Boltzmann constant and T the temperature. The differential resistance is
normally given in Ωcm2.
2.1.4 Specific Detectivity
The specific detectivity1 is universal measure of sensitivity for photodetectors
and defined as the inverse noise equivalent power2 NEP normalized to the
detector’s area and electrical bandwidth. Since the NEP equals the ratio
of the noise current (
√〈i2n〉) and the responsivity, the detectivity can be
expressed as
D∗λ =
√
A∆f
NEP
= Rλ
√
A∆f
〈i2n〉
. (2.4)
If the detector is limited by thermal noise, also known as Johnson noise,
which is usually the case for photodiodes without applied external bias, the
detectivity can be expressed in terms of the R0A product and is given by
D∗λ = Rλ
√
R0A
4kBT
. (2.5)
The detectivity is measured in cm·Hz1/2/W, which is also known as Jones.
1Commonly referred to as “D-star” or simply detectivity as in the course of this work.
2NEP is the lowest power, which is detectable with a signal-to-noise ratio of one.
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2.1.5 Cutoff Wavelength
The cutoff wavelength is defined as the longest detectable wavelength of the
detector and is connected to the band gap by
λco,0%(µm) =
1.24
Eg(eV )
. (2.6)
However, since it is often difficult to clearly distinguish the onset of response,
the cutoff wavelength is normally referred to as the point were the respon-
sivity reaches 50% of its maximum value (λco,50%). If not stated otherwise,
this convention is used for all cutoff wavelengths mentioned in this work.
2.2 Dark Current Mechanisms
The noise behavior is determined by the dark currents of the diode. For
T2SL photodiodes four major dark current components have been identified
to be the dominating source of noise at different temperatures and therefore
are considered the limiting factors for the R0A product [25].
1. The diffusion current Jdiff for a photodiode driven by the gradient in
carrier concentration is given by
Jdiff = n
2
i
√
ekBT
(
1
NA
√
µe
τe
+
1
ND
√
µh
τh
)
(eeV/kBT − 1), (2.7)
where ni is the intrinsic carrier concentration, NA and ND are the p-
and n-type doping concentrations, and µe, τe (µh, τh) are the electron
(hole) mobility and lifetime.
2. The generation-recombination (G-R) current JGR results from gener-
ation or recombination of carriers in the depletion region and can be
expressed as
JGR =
enid(V )
τGR
sinh(−eV/2kBT )
e(Vbi − V )/ekBT f(b), (2.8)
f(b) =
∫ ∞
0
du
u2 + 2bu+ 1
, where b = exp
( −eV
2kBT
)
,
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where d(V ) is the voltage dependent depletion width, τGR is the G-R
lifetime, and Vbi is the built-in potential.
3. The Zener tunneling current through the effective band gap is given by
JT =
e3F (V )V
4pi2h¯2
√
2mT
Eg
exp
(
−4
√
2mTE3g
3eh¯F (V )
)
, (2.9)
where mT is the effective tunneling mass, Eg the band gap energy and
F the electric field.
4. The trap-assisted tunneling current stems from electrons tunneling
through the band gap by using the mid-gap states of carrier traps like
defects or impurities. This current can be expressed as
Jtrap =
e2mTVM2Nt
8pih¯3
exp
(
−4
√
2mT (Eg − Et)3
3eh¯F (V )
)
, (2.10)
where M2 is a matrix element associated with the trap potential, Nt
the activated trap density and Et the trap energy location, measured
from the valence band edge.
The equations have been derived using the assumption of a fully depleted
depletion region, as well as uniform electric field in this region. In general the
modeling of those components shows excellent agreement with the measured
current-voltage (I-V ) characteristics as is reported in [25].
Those four components have different temperature dependence. Due to
their proportionality to ni, which is a strong function of temperature, the
diffusion as well as the G-R current show strong temperature dependence,
whereas the trap-assisted tunneling and Zener tunneling current are only
weak functions of temperature. Since
n2i ∝ exp
(
− Eg
kBT
)
, (2.11)
a semi-logarithmic plot of the R0A product over inverse temperature, also
known as Arrhenius plot, will lead to approximately straight lines with a slope
proportional to the full or half band gap energy, respectively, for temperature
regions, where either diffusion current or G-R current is dominating.
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The trap density is very high at the sidewalls of the photodiodes due to the
disruption of the lattice periodicity itself, which is accompanied by dangling
bonds acting as traps, as well as defects and unwanted residues from the
etching process. The narrow band gap makes the material very sensitive to
Fermi level pinning, and furthermore some of the native oxides of the mate-
rials are good conductors [26]. For low temperatures the sidewalls can be the
major pathway for leakage current in the structure and trap-dependent dark
currents, as the trap-assisted tunneling current can deteriorate the overall
device performance. While the diffusion current is a pure bulk dark current
process, the G-R current can have contributions from recombination centers
at the surface.
The overall resistance of the photodiode is composed of the bulk resistance
parallel to the surface resistance. This yields following relation for the total
R0A product [11]
1
R0A
=
1
(R0A)Bulk
+
1
rsurface
P
A
, (2.12)
where rsurface is the surface resistivity in Ωcm, P the diode’s perimeter, and
A the diode’s area. Therefore plotting the inverse R0A product over the
ratio of perimeter to area will yield information about the overall influence
of the surface. The bulk R0A contribution can be extracted as well as the
surface resistivity. The influence of surface leakage currents can be mitigated
by surface passivation.
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Chapter 3
Fabrication and Characterization
3.1 Fabrication
3.1.1 T2SL Structure
The samples used during the course of this work were provided by the Naval
Research Laboratory (NRL), the Jet Propulsion Laboratory (JPL) and the
Georgia Institute of Technology. Most samples had the following structure
in common: a pin-diode (80 periods of p-doped SL, 200 periods of not in-
tentionally doped SL and 80 periods of n-doped SL) with a several hundred
nanometers thick p+-doped GaSb buffer layer grown on a p-type GaSb sub-
strate. The structure is normally capped by a 20 nm thick n+-InAs contact
layer. The samples grown at JPL have an additional 5 nm top GaSb layer
in order to protect the surface from oxidation and damage during the fabri-
cation process. The layer structure is illustrated in Figure 3.1, which shows
the mesa structure of a fully processed photodiode.
Either Te or Si was used as the n-dopant, while Be or Zn served as p-
dopants. The doping concentrations for the contact region usually did not
exceed 2×1018 cm−3, while the doping concentrations for the n- and p-type
SLs ranged from 1015 cm−3 to 1018 cm−3 and were often graded. The rela-
tively thick intrinsic region was chosen in order to achieve good responsivity
values.
3.1.2 Fabrication using Wet Etching
The detectors were fabricated using a two-step standard UV-photolithography
process. In the first step an etching mask was defined using the photoresist
(PR) AZ-5214. A hard bake was applied in order to increase the sticking
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Figure 3.1: Schematic of the layer structure of a fully processed detector.
of the PR as well as its resistance against the etch. To study the impact of
surface leakage currents, the mask contained mesa sizes of 150 × 150 µm2,
200 × 200 µm2, 300 × 300 µm2 and 400 × 400 µm2. A mixture of citric
acid, phosphoric acid, hydrogen peroxide and deionized water was used as a
wet etchant. The hydrogen peroxide acts as oxidant, the citric acid etches
the InAs, while the phosphoric acid etches the GaSb. Etching rates of about
60 nm/min were achieved; however, the etching rate had to be controlled
during the process, since it depends on the material composition. This was
performed by interrupting the etch process and measuring the mesa height
using an α-stepper. Since the GaSb buffer layer does not act as an etching
stop, the process had to be stopped at the correct time to ensure a complete
etch of the SL but leaving enough of the p+-GaSb bottom layer in order to
guarantee a good contact.
After the etch step the etching mask was stripped to prepare the sample
for the second photolithographic step. The cleaning of the sample is very
important since residual PR and etching byproducts increase the defect den-
sity and therefore the leakage currents. The contacts were defined using a
PR mask for metal liftoff. The metal contact layer consisted of Ti/Pt/Au
and was deposited by e-beam evaporation. Since those metals make an ohmic
contact with both n+-InAs and p+-GaSb, no further anneal was needed. The
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top contact covers about half the mesa area for larger mesa sizes and up to
three quarter for small sizes in order to allow easier electrical contacting.
Finally the samples were mounted to ceramic chip carriers by using low-
melting-point indium or silver paint to ensure sufficient heat conduction.
The detectors were connected to the chip carrier’s contact pads using wire
bonding. This allowed easier electrical contacting for characterization.
3.1.3 Fabrication using Dry Etching
Dry etching is an alternative to wet etching in order to define the mesas of
the photodiodes. It is the process favored in industry due to fast turnaround
times, anisotropic etch profiles and versatility; however, the bombardment
with reactive ions can cause considerable damage to the surface of the mesa
sidewalls. Optimizing the composition and concentration of the etching gases,
the acceleration and plasma power and the chamber temperature can mit-
igate this damage and can result in surface qualities exceeding the quality
obtained by wet etching [27]. The surface morphology is especially important
at low temperatures, where the detector is dominated by surface currents as
the trap-assisted tunneling current.
Inductively coupled plasma reactive ion etching (ICP RIE) was used as an
alternative to wet etching for several detectors fabricated during this work.
Hereby the first steps of the fabrication process deviated from the process
presented above. PR is not a suitable mask for the dry etching process,
since it will be burned under the dry etching conditions and is very difficult
to remove after the process. Furthermore the transfer of the mask pattern
is inferior, which results in rough sidewalls. Therefore SiN deposited by
plasma enhanced chemical vapor deposition (PECVD) was used as the etch
mask. The SiN was patterned by standard photolithography using PR and
a subsequent Freon RIE process.
After stripping the PR from the SiN mask the BCl3-based ICP RIE dry
etch was performed. Etching rates up to 700 nm/min were obtained with
good sidewall quality controlled by scanning electron microscopy (SEM).
After removing the residual SiN etch mask by Freon RIE, the same steps as
described above were performed to produce the detectors.
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3.2 Characterization
The characterization was usually performed inside a Janis cryostat, which
allows us to perform measurements from 4 K up to room temperature. The
packaged detectors were mounted to the cold finger and the contact pins of
the chip carrier were soldered to the internal wiring of the cryostat to allow
the read out of the electrical signal. The cryostat is equipped with ZnSe
windows, which transmit IR radiation up to wavelengths as long as 22 µm.
3.2.1 Optical Characterization
Fourier Transform Infrared Spectroscopy
Due to the lack of efficient, tunable sources for the MWIR, Fourier transform
IR (FTIR) spectroscopy is used in order to obtain the wavelength dependent
response of the IR detectors. FTIR is a powerful tool for characterizing
the composition of thin samples and gases and widely used in science and
industry.
The basic working principle of a FTIR spectrometer is based on an inter-
ferometer as shown in Figure 3.2. The radiation from a broadband source is
incident on a beamsplitter, which divides the beam and transmits half the
intensity to a fixed mirror (F) and a movable mirror (M), respectively. Both
beams are reflected back onto the beamsplitter and subsequently focused
onto the sample under test, after which the transmitted intensity is mea-
sured. Destructive and constructive interference will take place for different
wavelengths depending on the path difference of the two beams and therefore
position of the movable mirror. The time resolved intensity distribution, also
called an interferogram, is a function of the optical path difference, which is
related to the wavelength and therefore contains information about the ab-
sorption spectrum of the sample. The spectrum can be extracted by Fourier
transformation.
The signal-to-noise ratio can be improved by repeating the same measure-
ment multiple times and averaging over the results. Another advantage is
the fairly large signal compared to other spectroscopy methods [28].
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Figure 3.2: Schematic on an interferometer (here: Michelson
interferometer) [28]. The edges of the collimated beam are illustrated by
the dashed lines, while the solid lines show the pathway of the center ray.
Responsivity
In order to measure the responsivity curve of a fabricated IR detector, the
detector is positioned into the focus of the beam of an ABB Bomem DA-8
FTIR spectrometer and connected to the internal amplification and read-out
circuit of the spectrometer. For measurements in the MWIR the spectrome-
ter is equipped with a KBr beamsplitter and a glowbar source. Usually the
resolution is set to 4 cm−1 and it is averaged over 100 scans. Ideally, the
measured spectrum is divided by the measured background spectrum of a
detector with a spectrally flat response in order to eliminate the wavelength
dependent influences of the source, the spectrometer’s internal optics and
the atmospheric absorption. Therefore the spectrometer is equipped with
a deuterated triglycine sulfate detector (DTGS). While the DTGS spectral
response is flat, its electrical response rolls off around 0.5 kHz due to its ther-
mal nature. Since the mirror motion results in the modulation of the source
with a frequency of f(k) = 2vmk, where vm is the mirror speed, the DTGS
response rolls off for high k-values. Therefore the background spectrum has
to be corrected by the electrical frequency response of DTGS first.
Since the power output of the spectrometer is unknown, the responsivity
curve has to be calibrated using a black body source. The output power
21
and spectrum of a black body source can be calculated by Planck’s law as
described in Chapter 1. Our lab is equipped with a Mikron M 305 calibrated
black body source, which allows measurements ranging from 100 to 1000 ◦C.
The radiation is sent through a spikefilter (bandpath filter) and the rms
photocurrent ip is measured using lock-in technique. The rms power incident
on the detector (Φd) can be calculated using
Φd =
∫
EΩFOVd (k)Ad,opticalcmtf (k)tw(k)dk, (3.1)
where k is the wave vector, EΩFOVd (k) is the incidence,
1 Ad,optical the detector
area not covered by metal, cm the modulation factor due to chopping,2 and
tf (k) and tw(k) the transmission of the filter and cryostat window.
Under the approximations that tw is constant for the wavelength of interest
and that the distance detector-source d is much larger than the aperture
diameter a (d >> a), as is usually the case in this measurement setup, this
relation can be approximated by
Φd ∼= pi
( a
2d
)2
Ad,opticalcmtw
∫ k2
k1
k3hc2
8pi4 (ehck/2pikBT − 1)tf (k)dk, (3.2)
where k1 and k2 are the cutoff wavelengths of the spikefilter. The responsivity
at the wavelength of the spikefilter can be calculated by Rλspike = ip/Φd and
finally the responsivity curve can be fitted to this value to obtain the absolute
responsivity spectrum.
3.2.2 Electrical Characterization
The I-V curves of the photodetectors were measured using an HP 4145B
Semiconductor Parameter Analyzer. The R0A product can be calculated by
dividing the detector area by the slope of the I-V curve at zero bias.
For temperature dependent measurements the cryostat was cooled down
to 4.7 K using liquid He delivered by a transfer line. The internal heater of
the cryostat was controlled by a Lake Shore 331 Temperature Controller in
1Incidence: power per unit collector area incident onto the detector under the particular
field of view.
2Modulation factor cm depends on the ratio of the chopper’s teeth to the diameter of
the aperture; tabulated values can be found in [22].
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order to slowly ramp up the temperature. The dark I-V curve was taken
at different points after an appropriate waiting time to ensure a stabilized
temperature.
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Chapter 4
Type-II Superlattice Grown by
Metalorganic Chemical Vapor Deposition
4.1 Growth and Fabrication
Up until now InAs/GaSb T2SL IR detectors have exclusively been grown by
molecular beam epitaxy (MBE). MBE offers a very precise control of layer
thickness down to half a monolayer, which is crucial in order to grow high
quality SL materials. However, MBE equipment is very expensive to acquire
and maintain and is limited in throughput due to its slow deposition rates.
For these reasons metalorganic chemical vapor deposition (MOCVD) is the
preferred process in industry whenever the material quality allows it. It
offers much higher throughput for mass production than MBE, shows high
uniformity over large areas and good control of the layer thickness as well.
Over the course of this work the first InAs/GaSb T2SL IR detector was
demonstrated.
Two T2SL layer structures were designed by A. Petschke at UIUC for cutoff
wavelengths in the LWIR using 8-band k · p theory [29]. Design 1 (sample 3-
1879) was comprised of 4.5 nm thick InAs and 2.2 nm thick GaSb layers, while
the InAs thickness was changed to 5.1 nm for design 2 (sample 3-1881). The
MOCVD growth was performed by Professor Dupuis’ group at the Georgia
Institute of Technology. On top of a p-type (001) GaSb substrate a 100 nm
p+-GaSb buffer layer (p ∼ 2×1018 cm−3) was grown, which also serves as the
bottom contact of the detector structure. The contact layer is followed by the
pin-structure, which consists of 80 periods of a p-doped SL (p ∼ 2×1018 cm−3
graded down to 1×1016 cm−3), 200 periods of not intentionally doped SL and
80 periods of n-doped SL (n ∼ 1×1016 cm−3 graded up to 2×1018 cm−3).
Finally a 20 nm n+-InAs layer (n ∼ 1×1018 cm−3) was deposited to serve as
the top contact. To minimize the formation of hillocks during the growth,
the thickness of the GaSb layer was kept to about 2 nm in each SL period,
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Figure 4.1: SEM pictures of sample 3-1879 (left) and 3-1881 (right) after
etching. A high density of hillocks is visible for sample 3-1879. Sample
3-1881 does not show hillocks but trenches probably stemming from the
increased etching rate at dislocation lines.
even though this structure deviates from the original design.
The interface type between the InAs and GaSb layers of the SL has been
identified to play an important role for the material quality. The variation
in strain of the different interface compositions affects the band alignment.
InSb-like interfaces have been found to be favorable for IR applications. Due
to their compressive strain they show a smaller band gap and a higher absorp-
tion coefficient than GaAs-like or diffuse interfaces, as well as a smoother sur-
face [7]. However, this approach is not a viable option for MOCVD growth,
since the typical growth temperatures are in the range of the InSb melting
point, resulting in the deterioration of the overall material quality if this
interface type is used [30]. Contrariwise GaAs-like interface introduce a con-
siderably amount of tensile strain, which results in surface undulations and
misfit dislocations [31]. In order to avoid these adverse effects different kinds
of interfaces were investigated. A combined InAsSb and InGaSb interface
layer consisting of one monolayer each showed the highest material quality
and was therefore used for the growth of the device material. More detailed
information about the growth can be found in [32].
The detector mesas were defined using a citric acid based wet etching as
described in Section 3.1. Figure 4.1 shows SEM pictures for both samples
after mesa definition. Sample 3-1879 has a high hillock density, which formed
during growth. The density is very high in the center and decreases to the
edge of the wafer. Sample 3-1881 does not show hillocks, but trenches are
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Figure 4.2: Fully processed photodetector of sample 3-1881 including
metallization and wirebond. Even though dislocation lines are interrupting
the device, it is still functional.
visible after etching. These structures most likely stem from the increased
etch rate at dislocation lines formed during growth. Figure 4.2 shows a fully
processed photodetector of 200 × 200 µm2 size.
4.2 Characterization
The electrical characterization showed no diode behavior for sample 3-1879,
even for detectors without hillocks, which were processed at the edge of the
wafer. Working devices for sample 3-1881 were observed even when trenches
were interrupting the mesa. The dark I-V curves are shown in Figure 4.3
for three typical detectors of sample 3-1881 compared to a non-functional
detector of sample 3-1879 taken at 78 K. The R0A products for sample 3-
1881 are also shown and are typically about 0.03 Ωcm2.
The relative responsivity measurements were performed using FTIR spec-
troscopy. Since the background spectrum taken by the DTGS detector
showed an artificial dip in the region of the cutoff wavelength of the T2SL
detector, the two spectra were not divided as described in Section 3.2.1, since
this would have distorted the detector spectrum at an important point. As
a consequence the responsivity curve shown in Figure 4.4 is not corrected
to eliminate the influences of the internal optics of the FTIR spectrometer.
The fall off of the spectrum on the left side stems from the KBr beamsplit-
ter, which shows decreasing transmission for shorter wavelengths. In order
to suppress most of the absorption lines of water vapor and CO2 the FTIR
was purged with dry nitrogen instead. The resolution was set to 4 cm-1 and
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Figure 4.3: The measured dark I-V curves for three functional detectors of
sample 3-1881 and one non-functional of sample 3-1879 taken at 78 K. The
detectors have a size of 400 × 400 µm2. The R0A products for sample
3-1881 are also shown.
the spectrum was averaged over 500 scans.
In order to calibrate the responsivity, the photocurrent was measured under
illumination of a blackbody source at 1000 ◦C using a spike filter at 4.8 µm
and lock-in technique. The entire relative responsivity spectrum measured
by the FTIR spectrometer was fit to the determined responsivity value at
4.8 µm and is shown in Figure 4.4 for a typical detector measured at 78 K.
The peak detectivity (D∗) was calculated as 1.6×109 Jones using Equa-
tion 2.5, the previously measured R0A product of the detector and the peak
responsivity under the assumption of thermally noise limited operation. The
50% cutoff wavelength of ∼8.5 µm agrees considerably well with the design
wavelength of 10 µm. The difference can be explained by the use of the
new InAsSb/InGaSb interface, which was not considered in the simulation,
as well as the slightly smaller GaSb layer thickness due to issues in growth.
The zero percent cutoff wavelength is located close to 11 µm, which results
in a band gap energy of about 113 meV. The slope of the responsivity near
cutoff is quite shallow compared to detectors grown by MBE.
TheD∗ is about two orders of magnitude lower than that of state-of-the-art
detectors with a similar cutoff wavelength grown by MBE without passivation
[9, 33]. This inferior performance can be explained by the large amount of
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Figure 4.4: The measured responsivity of a typical detector of sample
3-1881 taken at 78 K. The peak D∗ is also shown. The features around
6 µm stem from absorption lines of water vapor, which could not be fully
suppressed by purging with dry nitrogen. The fall off on the left side of the
spectrum stems from the KBr beamsplitter, which shows decreasing
transmission for shorter wavelengths.
surface defects, which produce high leakage current and degrade the carrier
lifetime [34]. Furthermore the high background doping levels in the intrinsic
SL region result in a low R0A product, as well as a low responsivity for
photodiodes [33].
For sample 3-1881 the temperature dependent R0A product was taken
in order to extract information about the dominating current process and
the band gap energy as described in Section 2.2. Some of the dark I-V
curves taken in this process are shown in Figure 4.5. The usual temperature
dependence of the dark current for diodes can be observed. Almost no diode
behavior can be observed for temperatures exceeding 150 K.
The Arrhenius plot for the R0A product of a detector of size 200 × 200 µm2
is shown in Figure 4.6 with an exponential fit resulting in an activation energy
of 49.7 meV. This activation energy is considerably close to Eg/2 (56 µm)
calculated from the zero percent cutoff wavelength, indicating the device
is generation-recombination (G-R) limited at higher temperatures. There
are several possible explanations for the deviation between activation energy
extracted by electrical measurements and the band gap energy determined
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Figure 4.5: The dark I-V curves taken for the temperature dependent R0A
measurements. Almost no diode behavior can be observed for temperatures
exceeding 150 K.
from optical characterization:
• Broadening of the density of states at the band edges (band tailing)
introduced by deviations from the ideal crystal structure lowers the ac-
tual electrical band edge energy but shows only small optical absorption
[11].
• Mou et al. discovered an additional surface leakage current for T2SL
diodes, which can be dominating at small biases [26]. By Fermi-level
pinning a surface channel is created, which has a proportional to nαi ,
with 0.5 < α < 2.
• The low R0A product is resulting in a very small resistance (R < 25 Ω)
for the detectors under test. Therefore an influence of contact resis-
tances and other parasitics cannot be ruled out.
In conclusion, we have, for the first time, demonstrated InAs/GaSb T2SL
photodiodes grown by MOCVD. The results are very encouraging considering
this is the first attempt at detector growth and the design is less than optimal
for this cutoff wavelength.
29
Figure 4.6: The Arrhenius plot for the measured R0A product of a typical
detector of sample 3-1881 of 200 × 200 µm2 size including exponential fit
for high temperatures. The inset shows the measurement down to 4.7 K.
The device shows G-R limited behavior at high temperatures and
trap-assisted tunneling limited behavior for low temperatures.
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Chapter 5
Interband Tunneling Detectors
5.1 Introduction
The interband tunneling detector (ITD) [21, 24] was proposed by Professor
Chuang’s group at UIUC in collaboration with Dr. C. Hill at JPL in order to
improve the QE of the previously introduced ICDs (see Section 1.3.2), which
showed promising room temperature performance but a low QE of smaller
than 1%. In order to increase the volume of the absorptive region a T2SL
was chosen instead of the type-II QW. Furthermore the ITD was designed
with only a single stage. Figure 5.1 shows the band diagram for an ITD with
a T2SL as active region. The electron of the electron-hole pair generated by
IR absorption relaxes down a chirped InAs/Al(In)Sb SL (quantum ladder)
shown on the left side of the active region in the diagram. It transits into
the valence band of the p-GaSb contact by an interband tunneling process.
The electrons are prevented from transferring into the conduction band of
the n-InAs top contact by an AlSb-GaSb-AlSb blocking layer, which, how-
ever, allows the holes to tunnel into the contact. The relaxation process by
phonon scattering in the quantum ladder is very fast, typically in the order
of picoseconds, while the interband recombination process is in the order of
nanoseconds. This should facilitate an efficient extractions process to prevent
interband recombination in the SL.
Two samples were grown with an InAs/GaSb (24 A˚/24 A˚) T2SL designed
for a band edge of 270 meV (4.6 µm) having 100 periods (Sb1315) or 30 pe-
riods (Sb1316), respectively, in order to investigate the optimal active layer
thickness. More detailed information about the design and growth of the
structure can be found in [21].
Several samples were processed using the fabrication process described in
Section 3.1.2. The same wet etching recipe could be used since it is also
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Figure 5.1: Band diagram of a InAs/GaSb T2SL interband tunneling
detector including the electron wavefunctions. An active SL region of only
four periods is shown for illustration purpose (100 and 30 periods are used
in our devices). After Ref. [21].
suitable to etch Al(In)Sb. The p-contact is defined as the negative ground
and the InAs contact as positive in accordance with Ref. [21].
5.2 Characterization
5.2.1 R0A product
The dark I-V curves for several detectors fabricated from both ITD samples
were measured. The dependence of the R0A product on the perimeter-to-
area ratio (P/A) was investigated at 78 K. Table 5.1 shows the results for
detectors fabricated from the sample SB1315, which has the 100 period thick
SL active region, while Table 5.2 and Table 5.3 show the results obtained
for two samples fabricated from SB1316. Detectors of sample ITD 1 SB1315
show a lower R0A than ITD 1 SB1316 and ITD 2 SB1316. Detectors showing
a R0A far less than the maximal observed value have been neglected in the
following. The inferior performance of those devices of up to three orders
of magnitude lower R0A values is most likely caused by problems in the
fabrication process. The lift-off process for both samples fabricated from
SB1316 was partially incomplete and the detectors which have visible residues
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Table 5.1: Measured R0A products for sample ITD 1 SB1315 depending on
their perimeter-to-area ratio (P/A). The standard deviation (SD) is shown
as well as the number of detectors measured (N). Detectors which showed a
R0A of less than half the maximum value were neglected.
P/A (cm−1) Mean R0A (Ωcm2) SD (Ωcm2) N
100 1.75 0.063 7
133 1.74 0.048 7
200 1.70 0.082 4
267 1.68 0.128 4
Total 1.73 0.076 22
Table 5.2: Measured R0A products for sample ITD 1 SB1316 depending on
their perimeter-to-area ratio (P/A). The standard deviation (SD) is shown
as well as the number of detectors measured (N). Detectors which showed a
R0A of less than half the maximum value were neglected.
P/A (cm−1) Mean R0A (Ωcm2) SD (Ωcm2) N
100 2.13 0.125 3
133 2.14 0.194 4
200 2.03 0.464 2
267 2.16 0.056 2
Total 2.12 0.196 11
of PR show especially low performance. This is evidence for the sensitivity
of T2SL structures to sidewall morphology and the need for a high quality
fabrication process.
As shown in Figure 5.2 no dependence of the inverse R0A product to the
perimeter-to-area ratio can be observed. This is strong evidence that the
detector is not limited by surface currents at 78 K and zero bias. However,
for the biased case the detector exhibits limitations from surface current
components, as can be seen in Figure 5.3a, which shows the current density
over the applied bias voltage for detectors with varying perimeter-to-area
ratio. Especially for forward biases the current density increases much more
strongly for devices with high perimeter-to-area ratio. This is also evident
from the voltage dependent RA product (see Figure 5.3b); around zero bias
the RA products show no ordering according to their perimeter-to-area ratio,
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Table 5.3: Measured R0A products for sample ITD 2 SB1316 depending on
their perimeter-to-area ratio (P/A). The standard deviation (SD) is shown
as well as the number of detectors measured (N). Detectors which showed a
R0A of less than half the maximum value were neglected.
P/A (cm−1) Mean R0A (Ωcm2) SD (Ωcm2) N
100 2.38 − 1
133 2.27 0.023 4
200 2.33 0.051 3
267 2.09 − 1
Total 2.28 0.088 9
Figure 5.2: The inverse R0A product over the perimeter-to-area ratio (P/A)
for detectors fabricated from sample SB1315 (left) and SB1316 (right). No
statistically significant variation of the R0A with change of P/A is found.
This indicates that the detectors are not limited by surface currents at 78 K
and zero bias.
while for larger biases the lowest P/A exhibits the highest RA and vice versa
(inset). This behavior is expected due to the stronger bias dependence of the
trap-assisted tunneling currents.
The temperature dependence of the R0A product was measured for sample
ITD 1 SB1315 (see Figure 5.4). An exponential fit for high temperatures
results in an activation energy of 115 meV, which is close to half the band
gap energy of the zero cutoff wavelength obtained by optical characterization
(see Section 5.2.2). This indicates G-R limited bahvior for high temperatures
as was already reported in Ref. [21]. No diffusion limited behavior was
observed.
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Figure 5.3: (a) Current density plotted for different perimeter-to-area
ratios. Especially for forward biases a strong dependence on P/A is
observed. (b) The RA product over bias voltage. No dependence on P/A is
observed around zero bias, but for high bias (inset).
Figure 5.4: Arrhenius plot for sample ITD 1 SB1315. An activation energy
of 115 meV was extracted, which is close to Eg/2 obtained by optical
characterization indicating G-R limited behavior for higher temperatures.
The inset shows I-V curves obtained at different temperatures.
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Figure 5.5: Responsivity spectrum taken for one device of SB1315 and
SB1316, respectively, obtained at 78 K. The detectivity is given for a
wavelength of 3.445 µm.
5.2.2 Responsivity
The responsivities for detectors of both designs were obtained using the tech-
niques described in Section 3.2.1. For obtaining the absolute responsivity,
a spike filter centered at a wavelength of 3.445 µm was used. Both show a
similar trend for energies up to 500 meV, as can be seen in Figure 5.5. This is
contrary to the previously reported results, where the response of SB1316 ex-
ceeded the response of SB1315. This might be a result of the inferior quality
of the fabrication process for SB1316.
5.2.3 Voltage Dependence of the Quantum Efficiency
In order to investigate if the two samples have a different voltage dependence
of their quantum efficiency (QE) due to the difference in their respective ac-
tive region thickness, the photocurrent was measured under different biases.
The same radiometric setup as used for the calibration measurements of the
responsivity was employed. Instead of a spike filter at 3.445 µm, a low pass
filter with a cutoff wavelength of 2.5 µm was utilized in order to improve the
signal quality, which is dominated by noise for higher biases otherwise. The
bias is defined in such a way that for reverse bias the bands of the SL are
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Figure 5.6: The normalized photocurrent of detectors for sample SB1315
and SB1316. No difference in the voltage dependence could be observed.
The photocurrent was measured using a low pass filter with a cutoff of
2.5 µm and normalized to its zero bias value.
shifted to facilitate the extraction of electrons and holes.
The measured photocurrent is proportional to the QE of the detector. As
can be depicted from Figure 5.6, where the photocurrent is normalized to its
value at zero bias, no difference between the two designs could be observed.
For voltages below -0.04 V the photocurrent started to saturate. The noise
increased strongly for higher biases of both kinds.
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Chapter 6
Conclusion
6.1 Summary
In this work antimony-based type-II superlattice infrared detectors were fab-
ricated and studied. The key achievement was the first demonstration of a
type-II superlattice infrared detector for the long-wavelength infrared regime
grown by metalorganic chemical vapor deposition. The devices showed a
peak detectivity of about 1.6×109 Jones and a relatively low R0A product
for this wavelength of about 0.03 Ωcm2. However, the results are very en-
couraging. The study of interband tunneling detectors showed that they are
not limited by surface leakage currents at 78 K and zero bias. A saturation
of the increase in quantum efficiency for reverse biases was observed.
6.2 Future Work
Future work should focus on obtaining more information about the factors
limiting the performance of the T2SL detectors grown by MOCVD in order
to provide valuable feedback for the improvement in growth. Capacitance-
voltage methods could provide information about the actual residual dop-
ing concentration in the not intentionally doped region of the pin-structure.
Transmission electron microscopy and scanning electron microscopy could
determine the causes for the supposedly high residual doping concentration.
The electrical beam induced current technique could be used in order to
obtain more information about the key characteristics of the pin-junction,
e.g. depletion width and surface recombination velocity. The probing of
the trenches visible after etching would be especially interesting in order to
characterize the impact of those defects.
The development of a quantitative model for carrier transport in ITDs
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would be beneficial in order to deepen the understanding of this novel struc-
ture and extract valuable guidelines to determine the optimum number of
stages and optimal thickness of the active region for further improvement
of quantum efficiency, as well as R0A. A more thorough investigation of the
temperature dependence of dark currents and responsivity could be helpful
for developing this model.
The combination of the ITD design with a graded gap active region might
offer, if carefully designed, a slope in the band diagram, which could lead to
an increase in collection efficiency and therefore responsivity. As a different
approach, surface and device structuring in order to increase the capture
of incident radiation, enhance the radiation in the active region and force
multiple reflections inside the detector would be a viable method to increase
the quantum efficiency of the ITD and ICD designs, which both suffer from
an inherently small active region.
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